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Highlights: 19 
1. Indoor size-segregated particles were collected at the Hutou lung cancer epidemic village. 20 
2. DNA damage assessed by plasmid scission assay was mainly caused by smaller particles. 21 
3. DNA damage had a positive correlation with the water-soluble Zn, Cu, Cd, Rb, Cs, and Sb. 22 
4. Water-soluble metals Zn, Cu, Cd, Rb, Cs, and Sb were concentrated in the smaller particles.  23 
5. Indoor particles in the small sizes were a higher health risk than those in the large sizes. 24 
  25 
Abstract: Size-segregated samples of airborne particulate matter were collected at the coal-burning 26 
homes of the Hutou high lung cancer epidemic village and a comparison site Xize village of the 27 
Xuanwei County, Yuanan Province, by an Anderson Cascade Impact Sampler in winter and spring to 28 
study the toxicological characteristics of different-sized particles. The DNA damage caused by the 29 
water-soluble fractions of these size-segregated particles was analyzed by the Plasmid Scission Assay, 30 
and the trace element compositions were determined by Inductively Coupled Plasma Mass 31 
Spectrometry. The DNA damage rate from the airborne particles in the high lung cancer incidence 32 
area was higher than that in Xize village. The different-sized particles have highly varying DNA 33 
damage rates, with the values being greater in the small size range than in the large size range. The 34 
particle-induced DNA damage rates had a significantly positive correlation with total water-soluble 35 
trace elements. Further analysis of the individual elements indicated that the water-soluble heavy 36 
metals Zn, Cu, Cd, Rb, Cs, and Sb had a positive correlation with the particle-induced DNA damage, 37 
implying that these water-soluble heavy metals played an important role in the DNA damage. The Sr 38 
had a negative correlation with the particle-induced DNA damage, suggesting that the water-soluble 39 
Sr might counter DNA damage. The mass concentrations of the total and individual water-soluble 40 
trace elements were mostly enriched in the small particle size ranges, thus implying the indoor 41 
airborne particles in the small size ranges would have a higher health risk. 42 
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 46 
1. Introduction 47 
Xuanwei County has attracted considerable attention due to the unusually high incidence of lung 48 
cancer levels and mortality (Zhou et al., 2006, Chen et al., 2015). A number of studies showed that 49 
tobacco smoking is not sufficient to explain the high lung cancer incidence in Xuanwei, and instead, 50 
the coal burning is closely related to this lung cancer (Barone-Adesi et al., 2012; Hosgood et al., 2013; 51 
Shao et al., 2013; Seow et al. 2014; Lui et al., 2017; Finkelman et al., 2018). The incidence of lung 52 
cancer in Xuanwei's rural areas is the highest in China at approximately five times the national 53 
average and was highly associated with the domestic coal combustion (Mumford et al., 1987; He et 54 
al., 1994). Yang et al., (2010) found that lung cancer incidence in Xuanwei females was higher than 55 
that in Xuanwei males and non-Xuanwei females, implying that lung cancer incidence might be 56 
related to the coal burning particles emitted during cooking. The main energy source for residents in 57 
Xuanwei City is the C1 coal situated stratigraphically at the end-Permian mass extinction (Large et 58 
al., 2009; Shao et al., 2015; Wang et al., 2018) which is characterized by medium to high ash yields 59 
(averaged 31.0%), low to medium volatile contents (averaged 20.0%), low sulfur contents (averaged 60 
0.17%), and mid-rank (with the vitrinite reflectance from 1.19% to 1.37%) (Shao et al., 2015). 61 
The study by He and Yang, (1994) revealed that the main risk factor for the high lung cancer 62 
mortality in Xuanwei was the exposure to the high levels of carcinogenic polycyclic aromatic 63 
hydrocarbons (PAHs) (e.g., BaP) from indoor coal emissions. Tian et al., (2008) reported that the 64 
exposure variable associated with the lung cancer risk in Xuanwei was the indoor air emissions of 65 
crystalline silica. A study carried by Large et al., (2009) revealed that high silica content in coal from 66 
Xuanwei may be interacting with toxic volatiles in the coal to cause unusually high rates of lung 67 
cancer. Zhang et al., (2016) studied the particles emitted from residential coal fires and found that the 68 
toxicity caused by the fine particles is higher. A study of the characteristics of individual particles 69 
emitted by experimental combustion of the Xuanwei coals demonstrated that harmful minerals like 70 
quartz and Si-rich particles comprise the main particulate matter (Wang et al., 2019). 71 
There are extensive studies dealing with the health effects of airborne particulate matter (PM) 72 
(Rückerl et al., 2011; Brauer et al., 2012; Balakrishnan et al., 2015; Hu et al., 2016; Wang et al., 2017; 73 
Li et al., 2020; Xing et al., 2020). Long-term exposure to PM2.5 (i.e. PM ≤ 2.5 microns in aerodynamic 74 
diameter) can lead to small gestational age (Hao et al., 2019), respiratory disease (Li et al., 2013a, 75 
2013b; Conibear et al., 2018; Slama et al., 2019), ischemic heart disease (Pope et al., 2015; Thurston 76 
et al., 2016; Shah et al., 2013), and a range of lung diseases (Chow, 2006; Araujo et al., 2011), 77 
especially in residential areas that burn large amounts of fossil fuels. Even in the case of low mass 78 
concentrations of airborne particles, pollutants still can increase exposure risk (Kim et al., 2015). 79 
Numerous studies have shown that types and levels of the metal elements in airborne particulates 80 
have important effects on health, causing lung damage in humans (Zelikoff et al., 2002; Gilli et al., 81 
2007). Costa and Dreher (1997) noticed that biologically active transition metal elements play a 82 
greater role in lung damage, and they have suggested that the soluble metal elements in the particles 83 
are even more harmful. A study by Xue et al., (2018) has shown that a positive correlation exists 84 
between lung cancer and PM2.5. The metal elements can be abundant in aerosols, especially in the 85 
fine particles with size ranges below 2.5μm (Schneidemesser et al., 2010). 86 
The plasmid scission assay is an in vitro particle toxicology method employed to study oxidative 87 
damage of supercoiled DNA by free radicals (Greenwell et al., 2002; Moreno et al., 2004; Shao et al., 88 
2013), and has been widely used to assess the oxidative capacity of airborne PM (Chuang et al., 2015; 89 
Shao et al., 2016; Shao et al., 2017). Several studies have noted that the DNA damage caused by 90 
water-soluble components in airborne particulates is significant (Merolla et al., 2005; Shao et al., 91 
2013; Hou et al., 2016). 92 
Trace elements and their concentrations can differ in particles of different sizes and can thus 93 
have different impacts on human health (Cao et al., 2012; Chow et al., 2012; Duan et al., 2012; Sun 94 
et al., 2014; Rohra et al., 2018). Particles with small sizes are of more concern due to their large 95 
specific surface area and strong adsorption capacity, leading to the enrichment of heavy metals in the 96 
smaller particles (Al-Dabbous et al., 2018; Olawoyin et al., 2018). Pan et al., (2015) have found that 97 
the toxic trace element content in northern China were concentrated in the submicron (<1.1μm in 98 
aerodynamic diameter) particle size range. Although the association of the water-soluble elements 99 
with the DNA damage in the particulate matter in a Xuanwei high lung cancer incidence area has 100 
been demonstrated by Shao et al., (2013), the size-segregated particulate matter, the size distribution 101 
of the water-soluble trace elements and the particle-induced DNA damages are poorly understood. 102 
The human respiratory system (RS) is perpetually exposed to oxidants generated either 103 
endogenously or exogenously (e.g. indoor and outdoor combustion-derived PM; CDPM). Reactive 104 
oxygen species (ROS) and oxidative stress in the RS increases the production of inflammatory 105 
mediators that promote carcinogenic mechanisms. The risk of developing lung cancer increases 106 
substantially following exposure to CDPM due to the synergistic effects in the generation of ROS 107 
and concomitant induction of oxidative stress and inflammation that culminates in an elevated DNA 108 
damage potential (IARC, 2012). PM physico-chemistry (e.g. size, shape, solubility, transition metal 109 
content, speciation, stable free radicals, etc.) plays an important role in its oxidative capacity (Hamra 110 
et al., 2014). PM-induced ROS initiates the synthesis of mediators of inflammation in lung epithelial 111 
cells and initiation of carcinogenic mechanisms (DEFRA, 2017). 112 
In this study, we collected airborne particles of different sizes in a high lung cancer incidence 113 
village and a comparison village in Xuanwei County. The mass concentration and oxidative damage 114 
characteristics of PM in different particle size ranges were analyzed. The distribution of the water-115 
soluble trace elements in the different particle sizes were also investigated, and their relationships 116 
with the plasmid DNA damage rates were studied in order to identify the major heavy metal elements 117 
and the major particle size ranges which are more closely associated with the DNA damage. 118 
 119 
2. Materials and methods 120 
2.1. Sampling 121 
The samples were collected from Hutou village in Xuanwei, an area with high-risk lung cancer, 122 
and Xize village, a low-risk comparison site. The sampling campaign was divided into two periods. 123 
One was in December 2016 during winter when the coal is extensively used, and the other was in 124 
March 2019 during spring when the coal is used less, both of which had same sampling sites. The 125 
sampler was placed in the kitchens of two villagers’ apartments in Hutou village (Hutou I, Hutou II) 126 
and one villager's apartment in Xize village. Coal was used as the fuel at all sampling sites. The 127 
selected sampling point will only burn coal for cooking during the winter and did not use coal at other 128 
times during the spring. Xize village only burns coal for cooking. The sampling equipment was an 129 
eight-stage Anderson cascade impact sampler (TE-20-800 TISCH, Germany), with a sampling height 130 
1.5m above the ground. Quartz filters (80mm diameter, Millipore, China) were used for sampling. 131 
The sampling flow rate was 28.3L/min, and the sampler segregated particles in eight size ranges: 132 
0.43-0.65μm, 0.65-1.1μm, 1.1-2.1μm, 2.1-3.3μm, 3.3-4.7μm, 4.7-5.8μm, 5.8-9.0μm and 9.0-10μm. 133 
Before sampling, the quartz filters were heated at 450°C for 4 hours and placed in a constant 134 
temperature and humidity chamber (Hitachi, Japan; temperature: 20°C ± 5°C, relative humidity: 45% 135 
± 5%). After the samples were collected, they were placed in the constant temperature and humidity 136 
chamber for 48 hours before weighing. The mass concentrations of the different size particles were 137 
obtained using the gravimetric method. The blank filters and the sample-loaded filters were weighed 138 
using an electronic balance (MS105DU, Switzerland) with an accuracy of 0.01mg. The mass 139 






𝑃 × 𝑉 × 273
1013.25 × (273 + 𝑇)
 142 
Where: C-sample mass concentration (g/m³), Vs-standard sample volume (m³), W1-weight of 143 
quartz membrane before sampling (g), W2-weight of quartz membrane after sampling (g), V-actual 144 
sampling volume (m³), P-average air pressure (hPa), T-sampling average temperature (°C). 145 
Simultaneously, a portable meteorological instrument (Kestrel 5500 Weather LiNK, USA) was 146 
used throughout the sampling process to monitor meteorological conditions including temperature, 147 
relative humidity, and pressure. The sample information and the meteorological conditions during the 148 
sampling period are shown in Table 1. 149 
 150 
2.2. Plasmid DNA scission assay 151 
The plasmid DNA assay is an in vitro method to measure oxidative damage to plasmid DNA 152 
induced by free radicals on the particle surface. Oxidative damage initially causes the supercoiled 153 
DNA to relaxed and further damage results in linearization (Figure 1). The sum of the percentage of 154 
relaxed DNA and linearized DNA is the oxidative damage rate. Ultra-pure water (conductivity 18.2 155 
MΩ, Millipore, China) was used as a procedure blank throughout the experiment. Ultra-pure water’s 156 
effect on DNA was subtracted to calculate the particle oxidative damage rate. Four samples were used 157 
for each test to verify experiment accuracy. The methodological steps are as follows: 158 
(1) Sample preparation process: Each filter (along with a corresponding blank filter) was cut into 159 
half, and the mass of each sample was calculated. The sample was immersed in ultra-pure water. The 160 
sample solution was gently shaken for 20 hours in a shaker (VORTEX-GENIE2, Scientific Industries, 161 
USA) and then sonicated for 2 min. This released the particulate matter from the filter substrate into 162 
the solution. After this step, the sample solution was centrifuged (D-37520 Osterode, Germany) to 163 
deposit particles at the bottom of the tube, then, the mixture supernatant was taken as water-soluble 164 
sample. The water-soluble sample was adjusted to a 250μg/mL dose level. 4μl of X174-RF DNA 165 
(Promega, USA) was added. 166 
(2) Gel preparation: Tris/Borate/EDTA (TBE) buffer solution (Thermo Scientific, China) diluted 167 
10 times with agarose (molecular biology grade; Sigma-Aldrich, China) was mixed, and the solution 168 
was heated to clarity and transparency. The solidified gel was placed in an electrophoresis cell 169 
(DYCP-34C; LIUYI, China) containing ten-times diluted TBE buffer. 170 
(3) Injection of DNA mixtures and sample into the gel: 14μL of bromophenol blue stain (Sigma- 171 
Aldrich, China) was added to the sample. After rocking horizontally for 6 hours in a rocker (HX-3000, 172 
YOUNING, China), a fixed volume pipette (Eppendorf, Germany) was used to load 20μL of the 173 
solution into each gel well. Four parallel samples were made for each sample. 20μL of ethidium 174 
bromide (EB; Sigma-Aldrich, China) was added to both sides of the electrophoresis tank. After the 175 
EB was fully dissolved in the buffer, the laboratory electrophoresis power supply (DYY-6C, LIUYI, 176 
China) was turned on and operated at 30 Volts for 16 hours. 177 
(4) Gel imaging and quantitative analysis of oxidative DNA damage: After 16 hours, the optical 178 
densities of three different DNA morphologies (i.e. super-coiled, relaxed and linear) in the gel were 179 
captured using a gel documentation system (ChemiDoc, Bio-red, China) and the Genetools (version 180 
4.0; Syngene, USA) image analysis software program was utilized to determine the damage rate of 181 
DNA via a linear regression analysis. In the final calculation, the DNA damage of ultra-pure water 182 
was subtracted from the DNA damage caused by particles. 183 
 184 
2.3. Inductively coupled plasma mass spectrometer (ICP-MS) 185 
The water-soluble samples obtained by the first step of Plasmid DNA scission assay were also 186 
chemically analyzed by inductively coupled plasma mass spectrometry (ICP-MS, 7700x, Agilent 187 
Ltd.). Chemical analysis of the water-soluble sample using ICP-MS identified 26 elements with 188 
values above the detection limit. The trace element content (ng/mL), the solution volume (mL), and 189 
the actual sample volume in the water-soluble sample were calculated according to the following 190 





Where: C represents the mass concentration of water-soluble trace elements (ng/m³), c represents 193 
the trace element content in the water-soluble sample (ng/mL), Vt represents the volume of the 194 
measured total solution (mL), V represents the actual volume at the time of sampling (m³). 195 
 196 
3. Results and Discussion 197 
3.1 Mass concentrations of size-segregated particles 198 
The mass concentrations of size-segregated particles are presented in Table 2. The PM mass 199 
concentration in winter was greater than that in spring in the Hutou village, and the total PM mass 200 
concentrations at Hutou in both winter and summer were all significantly higher than that in the Xize 201 
village.  202 
The mass concentrations of PM had a clear size distribution (Table 2) with the PM mass 203 
concentration decreasing first and then increasing with increased particle size. Due to sampler effects, 204 
particles in the large size range may fall into the small size collections, resulting in abnormally high 205 
values of the particle mass concentration in the 0.65-1.1μm range. 206 
For Hutou I, the winter sample showed that the PM mass concentration decreased first and then 207 
increased with increased particle size, while the spring sample showed that the PM mass 208 
concentration continuously increased with the increase of particle size. The winter sample had the 209 
lowest mass concentration value (27.10μg/m³) in the 2.1-3.3μm range and the maximum value 210 
(67.17μg/m³) in the 9.0-10μm range. The spring sample had the lowest mass value (24.17μg/m³) in 211 
the 0.43-0.65μm and maximum values (62.78μg/m³) in the 9.0-10μm ranges, with the maximum value 212 
being in the same size range as the winter sample (Figure 2).  213 
For Hutou II, both winter and spring samples showed that the PM mass concentration decreased 214 
first and then increased with increased particle size. The winter sample had the lowest value 215 
(24.86μg/m³) in the 2.1-3.3μm range and the maximum value (44.56μg/m³) in the 0.43-0.65μm range. 216 
The spring sample had the lowest value (21.29μg/m³) in the 2.1-3.3μm range and the highest value 217 
(42.11μg/m³) in the 9.0-10μm range (Figure 2). 218 
In Xize village, the PM mass concentration also decreased first and then increased with increased 219 
particle size, the same as the Hutou Ⅱ and the winter sample of Hutou Ⅰ. It had the lowest value 220 
(3.51μg/m³) in the 2.1-3.3μm range and the highest value (32.93μg/m³) in the 0.43-0.65μm range 221 
(Figure 2). 222 
A comparison of the PM mass-size distribution at the sampling sites in Hutou and Xize villages 223 
revealed that the Hutou samples had a higher value in the 0.65-10μm range and a lower value in the 224 
0.43-0.65μm range than the Xize sample (Figure 2). 225 
The large particles in the 5.8-10μm size range are deposited in the nasal cavity, and the small 226 
particles in the 0.43-2.1μm size range enter the bronchi (Sridevi et al., 2017) and the particles in the 227 
2.5-5μm have a larger residence time than the particles in the 5-10μm (Schleicher et al., 2011). 228 
Comparing the winter and spring samples of Hutou village, the winter sample mass concentration 229 
contains significant smaller particles, indicating that coal combustion has a significant impact on 230 
indoor air quality. One possible explanation could be that there is more ambient airborne during the 231 
spring. For both the small and large particle in the winter sample at the three sampling sites, the PM 232 
mass concentration in Hutou is higher than that in Xize (in Figure 3). 233 
 234 
3.2 Oxidative capacity of the size-segregated airborne particles 235 
Numerous studies have demonstrated that the oxidative capacity of the whole particle 236 
suspensions were similar to those of the water-soluble fractions, indicating that the DNA damage 237 
induced by particulate matter was mainly a result of the water-soluble fraction (Shao et al., 2013, 238 
2016). Therefore, we analyzed the oxidative capacity of the water-soluble components of size-239 
segregated particles of the collected samples.  240 
For the comparison study, the DNA damage rate at the particle dosage of 250μg/mL was taken 241 
for the size-segregated particles (Table 3). It can be seen that the damage rates of the Hutou samples 242 
at this dosage were generally higher than those of the Xize samples, and the damage rates of all the 243 
winter samples were generally higher than those of the all spring samples in the Hutou village. It is 244 
also clear that the damage rates of the samples in the small size ranges, mostly 0.43-1.1μm, were 245 
higher than those in the 9-10μm size ranges. Although the damage rates increased slightly in the 5.8-246 
10μm size range, they were still lower than the damage rates caused by the small size ranges. Sun et 247 
al., (2014) studied the haze and clear weather PM in Beijing, they found that the average damage rate 248 
in the 0.32-1.8μm size ranges was higher than that in the 5.6-10μm size ranges. This is similar to the 249 
case in Xuanwei where the DNA damage rate caused by small particles is also greater than that caused 250 
by large particles. 251 
It can also be seen in Table 3 that the DNA damage rates of the winter samples of Hutou village 252 
were higher than those of Xize village, but those of the spring samples of Hutou I particles in the 4.7-253 
5.8μm size range and Hutou II in the 0.65-3.3μm size range were lower than the those of Xize particles 254 
in the corresponding size ranges. 255 
 256 
3.3 Relationship between water-soluble trace element content and the particle-induced DNA 257 
damage of the size-segregated particles 258 
To examine the most probable source of the particle-induced oxidative capacities of the PM 259 
samples, the DNA damage rates from particle doses of 250μg/ml were correlated against the 260 
corresponding contents of the total and individual water-soluble elements in the PM (Table 4). 261 
According to the correlation analysis, the coefficient is higher than 0.393 at the 0.01 significance level 262 
with a sample number N = 40, which indicates that these two factors are related. 263 
It can be seen in Table 4 that there is a significant positive correlation between the DNA damage 264 
rates and the contents of total water-soluble trace elements, with the correlation coefficient of 0.649, 265 
being higher than the critical value of 0.393. This demonstrated that the particle-induced DNA 266 
damage was mainly caused by the water-soluble elements.  267 
The individual elements Zn, Cu, Cd, Rb, Tl, Cs, and Sb showed a significant correlation with 268 
DNA damage rates, all of which had correlation coefficients higher than the critical value. Among 269 
these elements, the correlation coefficients of Cu (0.639), Zn (0.679), Tl (0.681), and Rb (0.690) were 270 
particularly high. Opposite to these elements, the Sr had a negative correlation with the particle-271 
induced DNA damage, being -0.428, implying that the water-soluble Sr might mediate DNA damage. 272 
 273 
3.4 Mass concentrations and health risk of total water-soluble elements for the size-segregated 274 
particles 275 
The correlation between the water-soluble elements and the oxidative DNA damage (Table 4) 276 
revealed that the total water-soluble elements, together with the individual elements Zn, Cu, Cd, Rb, 277 
Tl, Cs, and Sb, were positively associated with the oxidative potential. Therefore, the mass 278 
concentrations of the total water-soluble elements and these individual Positively Correlated Water-279 
Soluble Elements (PCWSE) could represent the health risk levels of PM exposure. 280 
Table 5 presents the total water-soluble element mass concentration (ng/m³) of size-segregated 281 
particles. It can be seen that the total water-soluble elements mass concentration in winter was greater 282 
than that in spring for the two sampling sites in the Hutou village. The value for the winter in the Xize 283 
village was very low compared to that for the winter in Hutou village, and this is mainly due to less 284 
coal being burnt during winter.  285 
The mass concentrations of the total water-soluble elements had a clear size distribution (Table 286 
5). For Hutou I, the mass-size distribution of the total water-soluble elements of the winter samples 287 
had the highest mass value (333.83ng/m³) in the 0.43-0.65μm range and the lowest mass value 288 
(9.02ng/m³) in the 4.7-5.8μm range. The spring samples showed the highest mass value of the total 289 
water-soluble elements (15.44ng/m³) in the 0.65-1.1μm range and the lowest value (0.53ng/m³) in the 290 
9.0-10μm range. Both the winter and spring samples demonstrated that the water-soluble elements 291 
were enriched in the fine particle size range (Table 5). This is an agreement with the mass-size 292 
distribution of trace elements in Xuanwei (Lv et al., 2017). 293 
For Hutou II, the mass-size distribution of the total water-soluble elements of the winter sample 294 
showed the highest value (21.47ng/m³) in the 1.1-2.1μm range and the lowest value (6.26ng/m³) in 295 
the 4.7-5.8μm range. The spring sample had the highest value (10.56ng/m³) in the 1.1-2.1μm range 296 
and the lowest value (0.45ng/m³) in the 0.43-0.65μm range.  297 
In Xize village, the mass-size distribution of the total water-soluble elements showed the highest 298 
value (21.69ng/m³) and the minimum value (2.93ng/m³) were in the 0.65-1.1μm range and 2.1-3.3μm 299 
range, respectively. 300 
In general, the mass-size distribution of the total water-soluble elements in Xuanwei area showed 301 
a higher value in the smaller than 2.1μm size range, and a lower value in the larger than 4.7μm size 302 
range, indicating that the water-soluble elements tended to be enriched in the smaller particles. This 303 
indicates that the indoor airborne particles in the small size ranges would have a higher health risk 304 
than those in the large size ranges. 305 
 306 
3.5 Mass concentrations and health risk of individual water-soluble elements for the size-307 
segregated particles 308 
Among the analyzed elements, Zn, Cu, Cd, Rb, Tl, Cs, and Sb showed a positive correlation, and 309 
Sr showed a negative correlation with the particle-induced DNA damage. The mass-size distribution 310 
of these individual water-soluble trace elements in particles for the five sets of samples at three 311 
sampling sites were further analyzed. 312 
Figure 4a and 4b showed the mass concentrations of Zn generally decreased with the increase of 313 
the particle sizes. It can be seen that Zn was mostly concentrated in the particle size range less than 314 
2.1μm, although some variation existed in the Hutou I spring sample. Zn is a major trace element 315 
contributing to DNA damage rate in Beijing’s atmosphere (Shao et al., 2013, 2017). Rönkkö et al., 316 
(2018) found that the mass concentration of Zn in PM2.5-1.0 is high in Nanjing’s atmosphere. In the 317 
United States of America, Zn was also found to have the highest concentration in the fine particle size 318 
range (PM≤2.5μm) (Olawoyin et al., 2018). In a study on the mass-size distribution of the individual 319 
water-soluble trace elements in size-segregated airborne particles, Zn was found to be concentrated 320 
in the range of 0.56–1.0μm (Sun et al., 2014). These results were also in good agreement with 321 
previous studies in Beijing by Xu et al., (2007) and Duan et al., (2012) and in Shenyang by Hong et 322 
al., (2011).  323 
Figure 5a and 5b showed the mass concentrations of Cu. In the Hutou I winter sample, Cu was 324 
mostly concentrated in the smaller than 2.1μm particle size range, and in all other samples, a general 325 
decrease in mass concentration with the increase of the sizes, although some variation existed. The 326 
Hutou II winter sample had an increase in the concentration in the larger than 5.8μm particles. The 327 
study on the mass-size distribution of the individual water-soluble trace elements in size-segregated 328 
airborne particles has demonstrated that Cu was concentrated in the range of 0.56–1.0μm (Sun et al., 329 
2014), which is in a good agreement with this study. Wang et al., (2016) studied the enrich of the 330 
heavy elements in Jincheng dust, indicating that they were affected by human activities. 331 
Figure 6a and 6b showed that concentrations of Cd generally decreased with the increase of the 332 
particle sizes. In the Hutou I and Hutou II winter samples Cd was mostly concentrated in the particles 333 
smaller than 4.7μm, and in all other samples, Cd was concentrated in the particles smaller than 2.1μm. 334 
The mass-size distribution of Cd is similar to the distribution of trace metals in the British atmosphere 335 
(Allen et al., 2001). The International Agency for Research on Cancer identified that Cd is in a class 336 
of substances that are carcinogenic to humans (IARC, 2017). Rönkkö et al., (2018) also found the 337 
mass concentration of Cd in PM2.5 is high in Nanjing’s atmosphere. 338 
Figure 7 and Figure 8 showed variation in concentrations of Rb, Tl, Cs and Sb. It can be seen in 339 
the five samples that the mass-size distributions of Rb, Tl and Cs generally decreased with the 340 
increase of the particle sizes, and all samples showed that Rb and Tl were both enriched in the particles 341 
smaller than 2.1μm and Cs was enriched in the particles smaller than 1.1μm (Figure 7a and 7b and 342 
Figure 8a). Figure 8b showed that the mass concentration of Sb had an overall decrease with the 343 
increase of the particle sizes, except the Hutou II spring sample, which showed some variation, and 344 
the Xize sample, which had a small increase in the particle size range of 9-10μm. Ma et al., (2019) 345 
studied the water-soluble particulate elements in the coastal city of Marina, California, and found that 346 
Rb exhibited concentration peaks in the 0.32-0.56μm size range. Lv et al., (2017) found that Tl 347 
concentrates in PM2.1 and Sb has a dominant peak in the particles smaller then 2.1μm in the 348 
nonferrous metal smelting industry of Zhuzhou, Hunan province. Tan et al., (2016) found the mass 349 
concentrations of Cs and Sb were enriched in the particles smaller than 1μm in a high polluted episode 350 
during winter in Beijing. 351 
Figure 9a and 9b showed the mass-size distribution of Sr. Opposite to all the other elements, Sr 352 
showed an obvious increasing trend with the particle sizes and higher values were concentrated in the 353 
large particle sizes. Tang et al., (2018) studied the office indoor air in Nanjing and found that Sr was 354 
concentrated in the particles larger than 5.8μm. Tan et al., (2016) also found the mass concentration 355 
of Sr was enriched in the particles larger than 2.7μm in a high pollution episode during winter in 356 
Beijing. 357 
 358 
3.6 The comparison of the water-soluble trace elements in the airborne particles with other 359 
regions 360 
The mass concentrations of the water-soluble trace elements in the airborne particles in the Hutou 361 
lung cancer epidemic village were very high, especially those having positive correlations with the 362 
DNA damage. We have compared the Xuanwei data with those of the megacities of Beijing, 363 
Guangzhou and Harbin in Table 6. It can be seen that the mass concentrations of both total and most 364 
individual water-soluble trace elements in the PM collected in Xuanwei were much higher than those 365 
in other cities. In particular, the mass concentrations of the water-soluble heavy metals Zn, Cu, Cd 366 
which potentially caused the particle-induced DNA damage were significantly higher than those in 367 
Beijing, Guangzhou, and Harbin. 368 
 369 
4. Conclusions 370 
1) The PM mass concentration in winter was greater than that in spring in the Hutou lung cancer 371 
village, and PM mass first and then increases with increased particle size.  372 
2) The DNA damage rate of Hutou samples was higher than that of Xize samples. The damage 373 
rate of the winter sample is higher than that of the less coal-burning spring sample in Hutou village. 374 
The damage rate in the smaller than 2.1μm size range was greater than the damage rate in the large 375 
size range.  376 
3) The total water-soluble elements, together with the individual elements Zn, Cu, Cd, Rb, Tl, 377 
Cs, and Sb, were positively associated with the oxidative potential, suggesting that these elements 378 
could be a main cause for the particle-induced DNA damage. Sr had a negative correlation with the 379 
DNA damage rate, implying this element might inhibit the DNA damage. 380 
4) The mass concentrations of the total and individual water-soluble trace elements were mostly 381 
enriched in the small particle size ranges, thus implying the indoor CDPM in the small size ranges 382 
would have a higher health risk. 383 
5) A comparison analysis indicates that the mass concentrations of the water-soluble heavy 384 
metals Zn, Cu, Cd which potentially caused the particle-induced DNA damage were significantly 385 
higher in Xuanwei area than those in Beijing, Guangzhou, and Harbin. 386 
6) Pulmonary cancer initiation and promotion has been directly linked to biochemical pathways 387 
of oxidative stress and DNA oxidative damage that modulates gene expression and activation of 388 
transcription factors with important roles in carcinogenesis. 389 
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Fig. 2 Mass concentrations of particulate matter with different particle sizes in Hutou and Xize 665 
































































Fig. 4 Mass-size distributions of water-soluble trace element Zn with different particle sizes in 702 















Fig. 5 Mass-size distributions of water-soluble trace element Cu with different particle sizes in 718 









Fig. 6 Mass-size distributions of water-soluble trace element Cd with different particle sizes in 728 












Fig. 7 Mass-size distributions of water-soluble trace elements Rb and Tl with different particle sizes 741 













Fig. 8 Mass-size distributions of water-soluble trace elements Cs and Sb with different particle sizes 755 















Fig. 9 Mass-size distributions of water-soluble trace element Sr with different particle sizes in 771 
Hutou and Xize villages in winter and spring  772 
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Table 1 Meteorological condition during the sampling periods in Hutou and Xize villages in winter 780 
















































Table 2 The PM mass concentration (μg/m³) of size-segregated particles in Hutou and Xize villages 785 
in winter and spring 786 
  787 
Particulate sizes  
(μm) 
Hutou I  Hutou II 
Xize 
winter spring  winter spring 
0.43-0.65  44.39 24.17  44.56 31.31 32.93 
0.65-1.1  44.39 26.12  41.05 28.69 25.74 
1.1-2.1  33.09 24.98  29.87 28.23 14.88 
2.1-3.3  27.1 25.63  24.86 21.29 3.51 
3.3-4.7  31.92 30.82  28.7 24.99 12.37 
4.7-5.8  30.09 34.23  27.53 26.07 13.04 
5.8-9.0  33.42 44.61  26.2 31.01 18.22 
9.0-10  67.17 62.78  41.05 42.11 22.06 





Table 3 Plasmid DNA damage rate induced by size-segregated airborne particles at 250μg/mL for 792 
samples in Hutou and Xize villages in winter and spring 793 
Particulate size 
(μm) 
Hutou I (%)  Hutou II (%) Xize 
(%) 
blank 
winter spring  winter spring 
0.43-0.65 47.97 31.68  40.39 38.21 30.15  
0.65-1.1 49.43 35.72  42.47 33.04 33.23  
1.1-2.1 42.31 34.7  37.68 27.03 32.63  
2.1-3.3 38.12 31.34  36.28 28.91 32.01  
3.3-4.7 33.76 25.18  33.26 31.73 30.28 ＜10 
4.7-5.8 29.97 26.38  35.89 31.32 30.07  
5.8-9.0 33.67 27.43  33.07 37.42 22.06  









Table 4 Correlation between water-soluble trace elements (μg/g) and DNA damage rate at 802 
250μg/mL for the size-segregated particles in Hutou and Xize villages in winter and spring 803 
The type of elements total Rb Tl Zn Cu Cs Cd Sb 
Correlation coefficient 0.649** 0.690** 0.681** 0.679** 0.639** 0.574** 0.560** 0.510** 
The type of elements Pb Sr Sc La Ga Y Mn Ti 
Correlation coefficient 0.108  ﹣0.418** -0.272  -0.262  -0.252  -0.240  -0.200  -0.198  
The type of elements V Mo Cr Be Nd Li Ba Co 
Correlation coefficient -0.146  -0.161  -0.160  -0.118  -0.058  -0.044  -0.037  -0.031  










Table 5 The total water-soluble element mass concentration (ng/m³) of size-segregated particles in 814 
Hutou and Xize villages in winter and spring 815 
Particulate sizes  
(μm) 
Hutou I  Hutou II  
Xize 
winter spring  winter spring  
0.43-0.65  333.83 6.45  16.53 0.45  19.47 
0.65-1.1  249.12 15.44  18.51 6.15  21.69 
1.1-2.1  68.57 1.71  21.47 10.56  17.9 
2.1-3.3  15.4 4.06  10.14 2.62  2.93 
3.3-4.7  13.44 14.61  8.95 3.55  12.57 
4.7-5.8  9.02 4.77  6.26 5.8  10.46 
5.8-9.0  21.31 1.71  7.06 6.06  6.43 
9.0-10  44.15 0.53  8.74 2.88  4.63 
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Zn 318 ---- ---- 270 140 98 412 
Cd 1 7 3 3 1 9 12 
Mn 33 22 30 78 24 21 12 
Cu 7 162 32 34 10 85 241 
Ni 2 31 79 4 1 82 ---- 
Tl ---- 1 1 2 1 0 0 
Co 1 0 0 ---- 0 2 0 
Cr 2 35 39 11 8 21 21 
Cs ---- 0 1 1 0 0 0 
Sb ---- 10 3 10 4 1 1 
Sr ---- 7 8 16 4 9 8 
Rb ---- 3 4 9 3 3 9 
Ti 7 34 48 130 5 187 7 
V 2 7 4 4 2 19 6 
Ga ---- ---- --- 5 0 1 0 
Pb 51 94 30 143 16 30 2 
total 424 413 282 577 219 568 731 
*The levels of elements are taken from the whole sample. 826 
 827 
